The complex permittivity of methanol + acetonitrile at 20 °C was measured over the whole composition range at frequencies up to 36 GHz. It can be described by superposition of two Debye type components, one of them being due to associated methanol. This component is discussed with respect to two simple models, considering relaxation as governed by rotational tumbling of associates or by fluctuation of hydrogen bonds. The latter description appears to be the more suitable one.
Introduction
The complex permittivity of aliphatic alcohols is among the subjects investigated since the early stages of dielectric relaxation research [1] , The pure liquids generally exhibit a dominant absorption region, followed by a second one at higher frequen cies [2, 3] . Only the latter remains in diluted solu tions, thus being evidently due to the relaxation of individual alcohol molecules. It can further be sub divided into spectral components which are to be ascribed to the reorientation of the OH moment components. These should be considered together with the far infrared absorption features [4] , The main absorption of neat alcohols, consequently, must be related to the well-known molecular as sociation via hydrogen bonds in these liquids.
Studies of more concentrated solutions, which have been performed too, using both polar and nonpolar solvents [5] [6] [7] [8] [9] , offer the opportunity to gather information on the association process, so far as it is observable by dielectric parameters at all. In the present paper, we wish to report results on such a system with a polar solvent, that is the binary mixture methanol-acetonitrile. It was chosen be cause of the similarity of the components with respect to molecular size and viscosity, while their relaxation times differ appreciably by about an order of magnitude. Perhaps this system is exem plary of further mixtures of polar components, whereof one is associative. At least methanol and other nitriles, as well as water and acetonitrile, which we have examined too, show quite the same Reprint requests to Prof. M. Stockhausen, Institut für Physikalische Chemie • der Universität, Schlossplatz 4, D-4400 Münster (FRG). dielectric behaviour. We shall focus our attention in particular on the associate relaxation contribution, in order to discuss whether it can be understood from the prevalently taken classical viewpoint, as suming rotational reorientation of definite entities [10] , or whether an alternative description could be appropriate.
Experimental and Results
Complex permittivity measurements were carried out at 6 spot frequencies in the range from 30 MHz to 36 GHz with an accuracy of a few percent, using resonator methods for the most part. The conduc tivity contribution, if significant, was subtracted from e". The temperature was maintained at 20 °C.
Results were regarded particularly in terms of e". Presented here are the relaxation parameters r,, 5, as obtained by fitting a sum of elementary Debye type spectral components to the experimental data.
where the least acceptable number of components was taken. In all cases, the data could be approxi mated within their uncertainty range by two compo nents (one component for neat nitrile only). The formal procedure eventually results in relaxation times i2 (where T2<Ti) which are too short to define the respective spectral component as essen tially within the experimental frequency range. In those cases, the variability range of parameters was used to choose longer r2 times.
The total dispersion step derived from this anal ysis, I S ,, was checked against the difference of static permittivity and squared refractive index, 0340-4811 / 84 / 0700-660 $ 01.30/0. -Please order a reprint rather than making your own copy. The results obtained in that way are represented in Figure 1 .
Discussion
The features of Fig. 1 suggest that the two formal ly obtained spectral components can in fact be attributed to certain distinguishable relaxing species.
Spectral component 1 is obviously related to methanol, as seen from its absence in neat nitrile and from the interchange of the dominant role between components 1 and 2. Moreover, this com ponent is likely to be related to associated methanol, since it tends towards the corresponding low fre quency component of neat methanol. It is this component we shall draw our attention to in course of the further discussion.
Component 2 is likely to be related to "free" molecules (monomers) of both kinds, alcohol as well as nitrile, since the relaxation time r2 is in the order to be expected for molecules of the respective size, undergoing rotational tumbling at the given viscos ity (which, besides a very weak minimum, changes monotonously over the mixture range [11] ). In detail, two absorption terms should therefore contribute to component 2. However, these will be undistinguishable due to the limited range of high fre quency measurements. An according analysis of experimental data is nevertheless possible, assuming two superimposed Debye type contributions to component 2 (thus disregarding further high fre quency details). Especially this can be done with fixed values r2(AN) and t2(MeOH) by taking S2(AN) as proportional to the nitrile volume frac tion. It is therefore very likely that the contribution of nitrile to the overall relaxation is concentrated in component 2. This substantiates the above supposi tion that component 1 is merely due to methanol. With respect to the alcohol association, nitrile be haves as quasi inert solvent, meaning here that heteroassociation need not be taken into account.
We turn now upon component 1 again with the aim to get some more insight into the relaxation behaviour of the methanol associates. Its relaxation time t] will be the main point of discussion. For that purpose, two model conceptions will be re garded which emphasize two extreme aspects of one and the same microdynamical process.
Relaxation governed by tumbling of associates Put the case that methanol polymers are long lived and behave as quasi rigid entities, obeying the classical Debye relaxation mechanism via rotational tumbling. Then the relaxation time is determined by the complex size (at given temperature and viscosity), so that a distribution of relaxation times is to be expected whenever entities of different association number are present. To get a rough estimation of the effect of size on relaxation time, we refer to results obtained with rigid molecules in nonpolar solvents [12] . From these, one expects for the present system an approximately exponential increase of relaxation time by a factor of 2 on a dif ference of the effective radius of the tumbling entity of only 0.05 to 0.1 nm. This is less than the radius increase on stepwise addition of a further molecule to any polymer. To understand the relaxation time of pure methanol, no more than about 6 molecules would be needed for a relaxing entity.
Experimentally, two spectral components with a relaxation time ratio of 2 should be discernible by a clear deviation from Debye type absorption. Noth ing of that kind is observed in the low frequency spectral component of the present system. Accep tance of the model would consequently require the entities to have a definite size and association number for their vast majority.
On the other hand, the increase of with increas ing methanol content requires a gradual variation of the association number. Here we encounter the "classical" problem how to interprete the occurance of strict Debye type absorption in liquids with strong molecular interactions. To circumvent this difficulty one should reasonably look for a relaxa tion model that does not involve the size of the relaxing entity as essential parameter.
Relaxation governed by fluctuations of hydrogen bonds [13, 14] Consider an individual alcohol molecule. It may tumble as a "free" molecule, until it is linked to another one or to a polymer by a hydrogen bond. For simplicity we assume that the molecule in this associated state will be motionless (which is not an indispensable condition). After the lifetime of the bond, the molecule will return into the "free"state, and so on.
The two state model is, in that form, oversimpli fied, but can nevertheless serve as guiding line to a modified interpretation of relaxation parameters.
To achieve a convenient treatment of the model, we shall consider the time correlation function of a certain component of a unit vector, which we assume to be fixed on the molecule parallel to its electric moment. Let y(t) be that component and 'F(0 = (>'(0) y(t)) the correlation function. Since an exponential time correlation 'F(r) is equivalent to a Debye type single particle contribution to the per mittivity, viz. c"(oj), it is sufficient to regard *F(/) with respect to whether or not it is of the exponen tial type.
The stochastic time dependence of v(0 may be described in the following manner. The fluctuation in the "free" state, in case it would not be inter rupted by associated states, is presupposed to ex hibit an exponential correlation function with cor relation time T*. The duration of the "free" phases is assumed to be exponentially distributed, with the characteristic time Ff. In the associated state, y{t) remains constant for a time which again is presup posed to have an exponential distribution, the char acteristic lifetime being Fa in that case.
Weight factors (fractions) y\ of both states can be defined on the time scale by writing T\ Fr+ T, (i = f,a).
The model implies that for y{~* 1 or ya 1 the respective amplitude distributions become equal. The mean squared amplitude for these limiting cases will be denoted by ( >'2) .
Formally, the process y{t) can be written as sum of two parts. 
thus, according to (4) and (6), the sum of two expo nentials.
In the intermediate region, T(t) will generally be of non-exponential form. However, it may be ap proximated by a single exponential or by a sum of two exponentials as n t ) * < y 2> Z g , e -" \ (10) 1,2 Numerical calculations on model correlation func tions show that the apparent parameters, viz. r,, gt in (10), obey to some extent a simple extrapolation from the limiting cases.
Approximately, *F(/) remains a single exponential as far as T.d < x*/y{, with the apparent x according to (8) . The weight factor is necessarily g = 1 in that case.
On the other hand, for Fa > r*/7f there are two exponentials in the approximation of (10) . Their correlation times follow the limiting behaviour as if (9) would still hold, that means r, = r a; r2 = r *.
However, the apparent weight factors g x2, which in the limiting case equal yaj , respectively, change monotonously when Fa -*■ r* /y{, so that i; 0 2 -0 .
These results are summarized in Figure 2 . We conclude that, within the framework of the model, the one particle correlation function will be of the one or two exponentials type, depending whether the lifetime of the associates is shorter or longer than the value x*/y(. While in the first case the apparent correlation time is mixed from "free" and associated state characteristic times, the two apparent correlation times in the latter case have simple meanings as associate lifetime and "free" tumbling correlation time.
To proceed to the situation of dielectric relaxa tion measurements, the moment fluctuations of the macroscopic sample become the quantity to be taken into consideration. Molecular dipole moments may be introduced as simply proportional to the unit vector regarded above. The summation of molecular moments to the total moment, however, may involve problems, e.g. since at least two in dividual association states must be correlated to represent a hydrogen bond. Nevertheless the charac teristics of the one particle correlation function will cum grano salis appear in the macroscopic correla tion function, so that the above considerations may serve as a starting point for at least a qualitative discussion.
Accordingly, the experimental results, as far as methanol is concerned, are indicative of the two Fig. 2 . Qualitative sketch of the approximate correlation function parameters X \ 2 and g\ according to (10) , as depending on the model parameters fraction of "free" methanol y{ and lifetime of associate T.d. g2 is not drawn since it is complementary to gi(g2= 1 -gi). exponentials situation occuring for Fa > x*/y{. Thus X \ of Fig. 1 should represent the lifetime of a molecule in the associated state, as depending on the mixture composition. It decreases with decreas ing methanol content and tends towards r2. (Figure 1 seems to indicate that r, -> ■ x2 for ,vMeoH -0> but this cannot be stated with certainty since the resolu tion of spectral components is poor in that region.) The observed trend means that in Fig. 2 a point near Fa % t*; yf ~ 1 will be reached. Consequently, the fraction yd of associated methanol should be come small on dilution, which is a reasonable result.
Some additional information may be obtained from the parameter 5). If r\ieOH is the volume frac tion of methanol in the mixture, p.d the mean total moment of an associate, n.d the mean association number, then the proportionality ■Vi'MeOH ~ (13) should hold. Let us regard the behaviour on dilu tion as seen by extrapolation from the range of higher methanol contents (.\'MeOH > 0-2). The experi mental 5 1/ t'MeOH values do not vary significantly over that range. We have concluded before that ya becomes small, and since //a will be finite, it follows from (13) that the association number n.A must become small. Thus we arrive again at the conclu sion that the polymer size decreases on dilution, but this inference is not directly to be drawn from the t\ behaviour, as it had been with the former model.
Conclusions
While in the first model the Debye character of the associate absorption is based on a definite polymer size, it rests on an exponential lifetime distribution in the second model. The latter seems to allow for a more natural interpretation of the alcohol associate relaxation, particularly in view of the usually accepted picture of hydrogen bonding networks.
